Ombrotrophic raised bogs are nutrient poor acidic peatlands accumulating organic matter.
INTRODUCTION
Peatlands cover approximately 3% of the Earth's land area, but hold about 30% of the total soil carbon. This is due to a comparatively low degradation of organic matter in relation to net primary production leading to sequestration of atmospheric CO2 (Gorham, 1991) .
However, peatlands are also an important source of atmospheric CH4 due to production by methanogenic archaea (Eriksson et al., 2010) .
Hydrology, plant functional types, and water chemistry are used to divide boreal peatlands into two types: ombrotrophic bogs and fens. The ombrotrophic bogs are mainly Sphagnum-dominated creating an acidic environment (pH ≤ 4) and nutrient limitation, since nutrients are only provided by precipitation (Gore, 1983) . Due to their location and impact by anthropogenic air pollution, peatlands are subjected to differences in nutrient supply, which then may affect the plant community and microbial community composition.
The main factors controlling the rates of methane production in peatlands are the water table fluctuations, plant functional type composition, and peat temperature and chemical characteristics (Svensson and Sundh, 1992; Granberg et al., 1999; Ward et al., 2013) . The abundance of methanogens differs between areas with high and low water table, however, the variation in the methanogenic community composition among peatlands is mainly explained by peat pH and temperature, where the hydrogenotrophic pathway has been found to be dominant at acidic peat pH and low temperature (Kotsyurbenko et al., 2007; Yavitt et al., 2011) . There is no consensus on the effects of peat edaphic variables on the methanogenic community composition, which rather seems to depend on the peatland type investigated and the scope of the study. Thus, it is important to include different peatland types, of which ombrotrophic bogs are the least investigated, to be able to predict how a changing climate may impact the methanogenic community responsible for the production of the greenhouse gas methane.
The development of different microhabitats within peatlands, such as hummocks, lawns, and hollows, gives rise to spatial patterns of the environmental conditions (Robroek et al., 2014) which in turn affect methane emissions (Svensson and Roswall, 1984) . In addition, these microhabitats are characterized by a different set of peat mosses and accompanying vascular plants (Saarnio et al., 1997; Rydin and Jeglum, 2006; Robroek et al., 2009 ) which ultimately control the quantity and quality of the organic matter available for microbial decomposition (Kettunen and Kaitala, 1996; Galand et al., 2003; Andersen et al., 2013; Jassey et al., 2013) . In short, the composition of the methanogenic archaeal communities in peatlands shows a tight link with the microtopography in the peatland (Galand et al., 2003; Yavitt et al., 2011) . Hence, understanding the spatial distribution of the methanogenic population along the lawn-hummock topography may reveal further insight into the regulation of the methane formation capacity linked to the carbon balance of peatlands. The predicted climate change scenario, e.g. increased variability in precipitation and increased temperature (IPCC, 2007) , together with increasing N deposition loading (Phoenix et al., 2012 ) are believed to, directly or indirectly, affect the microtopography and the variables controlling the potential methane production. This may affect the methane emissions and the carbon allocation (Limpens et al., 2008; Luo and Weng, 2011; Jassey et al., 2013) .
Our understanding of effects of edaphic variables on the distribution of peatland methanogens is growing, yet consensus is lacking. Hitherto, research on multisite or multifactor effects is still scarce. Therefore, the present study was conducted to elucidate how the methanogenic community is affected by (1) site intrinsic microclimate conditions, (2) differences in N deposition and (3) variation of a suite of edaphic variables. To establish a set of contrasts, where a variation of the variables can be explored, three peatland sites were chosen: 1) Lille Vildmose (LV) in Northern Jutland, Denmark, which is an area heavily affected by farming and, thus, exposed to high deposition rates of nitrogen; 2) Store Mosse (SM) on about the same latitude in Sweden, but with a N deposition at about half of that for the Jutland site; and, 3) Degerö Stormyr (DS), located in Mid Sweden, experiences much lower N deposition and a colder season than the southern sites. The climatic conditions are about the same for the two southern sites. Within these sites similar microtopographic microhabitats as for the plant study (Robroek et al., 2014) were selected for peat sampling, from which the mcrA gene and transcript were used to determine the abundance and diversity of methanogens.
MATERIALS AND METHODS

Sites and peat samples collection
In July 2009, peat samples (5 cm 3 ) were collected from three Sphagnum-dominated Scandinavian ombrotrophic raised bogs ( and dissolved organic carbon (DOC) were analyzed. For more details see (Robroek et al., 2014) .
Nucleic acid extraction and reverse transcription
Before nucleic acid extraction, peat samples were thawed overnight at 4°C. DNA was isolated from 0.25 g wet peat (average water content = 1500 ± 540 (% dry weight)) using the 
qPCR of mcrA DNA and cDNA
The mcrA DNA and cDNA partial sequences were amplified using the primer set mlas and mcrA-rev (Steinberg and Regan, 2008 The amplicon was cloned into the plasmid vector pUC57 (GenScript Corporation). The plasmids were linearized using the FastDigest EcoRI enzyme (Fermentas, Vilnius, Lithuania) and the concentration of gene copies determined with the Qubit fluorometer (Invitrogen).
From each plasmid, a dilution series from 2 x 10 6 to approximately 2 gene copies µl -1 was performed. The lower limit of detection was 10 gene copies per reaction mixture and the lower limit of quantification was 100 gene copies per reaction mixture. The dynamic range was 2 x 10 6 to 2 x 10 1 gene copies µl -1 , corresponding to 10 7 to 10 2 gene copies per reaction mixture. Similar efficiency was obtained within all runs (n = 8) with a total average of 99%
(SD 1.3).
Additionally, potential inhibitory effects of the peat samples were assessed. A combination of three reaction mixtures containing separately 10 4 , 10 2 and 5 x 10 1 plasmids per reaction were prepared. Five µl of sample negative for the mcrA were added to a 20 µl of each reaction mixture, and compared to the addition of 5 µl RNA-free water to the respective reaction mixtures. Two DNA and 53 cDNA samples were negative for the mcrA. No significant difference (t-test) in the quantification between the peat samples and the RNA-free water were detected at any of the spiked concentrations. Therefore, we concluded that any potential PCR inhibitors did not interfere with the qPCR assay.
From DS, 76% of the DNA samples were quantified, while another 20% were detectable but not quantifiable. From SM 96% of the DNA samples were quantifiable and 4% detectable but not quantifiable. From LV all the DNA samples (100%) were quantified (Table   2 ). Of the cDNA samples, 14%, 30% and 48% could be quantified from DS, SM and LV, respectively (Table 2) . To compare the abundance of active methanogens among sites, the quantification data of the mcrA transcripts were normalized to their respective DNA samples.
T-RFLP analysis
The DNA extracts of each replicate were pooled together prior to the PCR amplification, as with the cDNA. The mcrA region was amplified using the primers mlas and mcrA-rev (Steinberg and Regan, 2008) ; the forward primer ( agarose gel. Purified PCR products (5 -15 ng DNA and 2 -12 ng cDNA) were digested over night with the restriction endonucleases HhaI (3U) and MboI (3U) (Promega). The enzymes were chosen to optimize the separation of the peatland methanogen taxa. The selection was based on mcrA operational taxonomic units (OTUs) at 94% nucleotide similarity cut-off formed in mothur (http://www.mothur.org) from mcrA sequence data from 11 Finnish peatlands (Table S1 ). This resulted in 53 OTUs and a representative sequence of each was included in the final dataset for enzyme selection by the use of T-DistinctiEnz (http://www.bioinformatics.org/~docreza/cgi-bin/restriction/t_DistinctiEnz.pl). The digested products were ethanol-precipitated and mixed with Hi-Di formamide and GeneScan-500
TAMRA size standard (Applied Biosystems, Foster City, CA). The samples were loaded in an ABI PRISM 310 Genetic Analyzer (Applied Biosystems) and separated by capillarity electrophoresis. Fragments from 35 to 500 bp were analyzed with Peak Scanner™ Software v1 (Applied Biosystems) according to Juottonen et al. (2008) . Peaks were identified based on the mcrA sequences used in enzyme selection (Table S1 ), additional sequence data from the same peatlands and sequences from four other boreal peatlands (unpublished data, K.
Peltoniemi and M. Kotiaho).
Data analysis
Statistical analyses were performed in R version 3.0.2 (Team, 2012) mainly with the ecology package vegan (Oksanen et al., 2013) . A t-test was applied to determine the potential inhibitory effect of the peat samples on the qPCR reaction. For the detectable but nonquantifiable samples (ranging 10 -100 gene copies per reaction mixture), 50 gene copies were used for the statistical analyses. The influence of the site intrinsic factors (WTL, microtopography and hummock-lawn) on mcrA gene and mcrA transcripts was tested with an analysis of variance using distance matrices (Adonis) with 999 permutations and Euclidean distance. To compare methanogen community diversity based on the relative peak areas of the terminal restriction fragments (T-RFs) in relation to sampling location, we applied an analysis of similarities (ANOSIM), using 999 permutations and Bray-Curtis distance (Ramette, 2007) . Shannon diversity index (H') was calculated from the distribution of the TRFs derived from the mcrA gene and transcripts. The Shannon index was used to compare the diversity of methanogens among the three sites (Magurran, 2004) . Linear correlations between edaphic and biological variables were investigated by the use of the Pearson's correlation test. To determine which edaphic variables were the most important in explaining the variation of the methanogenic archaeal composition, we used a constrained ordination technique redundancy analysis (RDA), using Hellinger transformation, 1000 permutations and 50 iterations per step (Ramette, 2007) . The diversity of the active methanogens assessed by T-RFLP of the mcrA transcripts, only 22 samples (67%) could be amplified leading to an insufficient set of data for a proper application of the ordination tests. Thus, the RDA was not applied. All results are given with median and interquartile range (IQR) and the statistic discrimination was at a significance level of 0.05.
RESULTS
mcrA gene abundance
The sites and the water table level (WTL) had a significant influence on the abundance of methanogens (Adonis test, p ≤ 0.05) ( Table 3) . Site explained 19% of the variation, while the WTL explained 9% (R 2 , Adonis test). Their interaction explained another 4% (not shown).
The lowest abundance of the mcrA gene with a median of 4.7 x 10 6 mcrA copies per gram of dry soil was found in DS. This was followed by LV with 8.2 x 10 7 mcrA copies, while the largest amount of the mcrA gene was found in SM with 6.4 x 10 8 mcrA copies (Figure 2) .
Thus, the sites covered a range of two orders of magnitude for the number of mcrA gene copies. The three sites showed significantly higher abundance of methanogens below the WTL as compared to above the WTL (Table 3) . In order to discriminate any effects of the site intrinsic topography, which could be masked by the site and WTL effect, the Adonis test was applied separately for each site, and furthermore within each site accounting for the WTL (Table 3 ). This analysis revealed that DS was the only site where the overall abundance of methanogens was significantly higher in the lawns (3.0 x 10 6 gene copies, IQR = 1.4 x 10 8 ) compared to the hummocks (9.2 x 10 5 gene copies, IQR = 1.6 x 10 7 ). When stratifying according to WTL, hummocks and lawns were significantly different in the abundance of methanogens in DS and LV. The above and below WTL methanogens at DS were significantly higher in the lawns compared to the hummocks. The abundance of methanogens in LV was also larger in the lawns compared to the hummocks for the above WTL methanogens, but the opposite was observed for the below WTL methanogens. No difference in abundance of the mcrA gene due to the topography was found in SM peat.
mcrA gene diversity
The diversity of methanogens was assessed by T-RFLP on the mcrA functional gene resulting in 12 mcrA T-RFs from the peat samples (Figure 3 represented in low amounts.
mcrA transcript abundance
The sites, the water table level (WTL) and also the microtopography influenced the methanogenic activity, measured as mcrA transcript abundance (Adonis test, p ≤ 0.05). These factors explained 9%, 4% and 3% of the variance, respectively, ( Table 3 ). All interactions were significant (not shown). Together with the factors they explained 54% of the variance.
Thus, as for the mcrA gene copies, further analysis of mcrA transcript abundance was conducted within each site including stratification according to the WTL within each site (Table 3 ). The lowest abundance of active methanogens, was found in DS, followed by SM, while the largest amount of active methanogens was found in LV, with a median of 2.4 x 10 4 (IQR= 3.2 x 10 5 ), 4.9 x 10 4 (IQR = 7.2 x 10 4 ) and 4.6 x 10 5 mcrA copies per gram of dry soil (IQR = 1.8 x 10 6 ), respectively ( Figure 2 ). The WTL and the microtopography factors only had a significant effect on the abundance of active methanogens in LV (Table 3) ; where the largest amount of active methanogens was found below the WTL compared to above, with a median of 1.7 x 10 5 gene copies per gram of dry soil (IQR = 1.4 x 10 6 ) below WTL and a median below the quantification limit. The lawns showed higher numbers of mcrA transcripts with 6.7 x 10 4 (IQR = 4.5 x 10 5 ) gene copies per gram of dry soil compared to the slopes and hummocks, both with a median below the quantification limit. The differences between the hummocks and lawns had a significant influence on the abundance of active methanogens in DS (as found for the mcrA gene copies) and also in LV, where the quantification of the mcrA transcripts was higher in lawns compared to hummocks (Table 3) . When stratifying according to WTL, the hummock-lawn differences had a significant influence on the abundance of methanogens in DS and LV, with the same patterns as observed for the mcrA gene.
mcrA transcript diversity
The T-RFLP on the mcrA transcripts showed a total of 6 T-RFs (Figure 4) . The T-RFs in individual profiles ranged from 1 to 3. As for the mcrA gene, the T-RFs 464 (family Methanoregulaceae) and 395 bp showed the highest occurrence and relative proportion (peak area %; Figure 4 ). In 36% of the samples the 464-bp was the only T-RF detected, the 395-bp T-RF was the only one detected in 23% of the samples and a combination of both T-RFs was detected in another 23% of the samples. In contrast to the mcrA gene, the T-RFLP profiles derived from the cDNA did not differ between sites, neither in relation to the WTL nor the microtopography factors (analysis of similarity). However, DS was characterized mainly by the 464 bp T-RFs, while SM and LV showed more similar patterns (Figure 4 ). The Shannon diversity index (average ± standard deviation) showed the same methanogenic diversity in DS and SM (0.12 ± 0.27 and 0.11 ± 0.33, respectively) both being lower than the diversity in LV (0.53 ± 0.34).
Edaphic variables
A redundancy analysis (RDA) was applied to elucidate if any edaphic variables, i.e. pH, However, this correlation with the abundance of methanogens was weak. The abundance of methanogens further correlated with amplitude temperature (r = 0.47, p = 0.008).
DISCUSSION
This study showed that the spatial variation of methanogenic archaea diversity, abundance and activity was larger among the three investigated Sphagnum-dominated ombrotrophic raised bogs than the variation governed by the site intrinsic microtopographical factors. The two sites on about the same latitude, SM and LV (Table 1) showed similar abundance, activity and diversity of methanogens, while all these characteristics were lower at the high latitude DS site. This is in accordance with the discussion forwarded by Yavitt et al. (2011) for the diversity variation found among North American peatbogs, i.e. the diversity variation may be related to geographical distances. The distance between the two southern bogs was within the range for those observed with similar diversities by Yavitt et al. (2011), while the northern site is separated by about 1000 km from the LI and SM sites in the present study (Table 1 ). In a parallel study (Robroek et al., 2014) , investigating the plant composition and ecological functions, observed that the plant species richness and plant diversity variation were similar for the southern sites (LV and SM) but differed from the northern site (DS).
These results indicate that geoclimatological conditions along the latitudinal gradient studied are more important than the site intrinsic microclimatology determined by the topography.
This comes through in our RDA, where median temperature was the edaphic variable accounting for most of the methanogenic community diversity variance explanation (26%), clearly separating the northern site from the two southern sites. Such link between methanogen diversity and temperature has also previously been found (Liu et al., 2012) .
Thus, temperature might be a factor involved in the development of the different peat methanogenic populations' structures. Dispersal limitation could also potentially affect the community composition. However, we believe this to have a minor effect. In support of this, it was recently shown that dispersal limitation explained only 2.1% of the deviation of soil bacterial communities (Landesman et al. 2014 ).
The atmospheric nitrogen deposition levels were different among the sites, with LV receiving the highest input and highest dissolved nitrogen content in the pore water followed by SM at about one third the levels and DS one order of magnitude lower (Table 1) .
Increased nitrogen loads drives plant composition towards vascular plants and away from
Sphagnum (Eriksson et al., 2010) , which in turn increases the quality of organic matter in deeper peat supplied by the vascular plant root exudates and plant leaf litter composition (Nilsson and Öquist, 2009) . Although the methanogenic communities were separated by site, this was not, however, regulated by the nitrogen regimes of the peat bogs, since no direct effect of the peat nitrogen on the methanogen diversity was found. Furthermore, the range of dissolved nitrogen of the study sites (Table 1) might not be large enough to affect the occurrence and diversity of the peat methanogens. The DOC was the second most important variable, explaining the separation of the methanogenic communities between SM and LV. A similar result was obtained by Liu et al. (2012) , who investigated a gradient from subtropical to alpine wetlands, revealing that temperature and DOC were the major variables explaining the methanogens diversity variance among sites (Liu et al., 2012) . Although the results indicate a geoclimatological influence (mainly temperature) along the latitudinal gradient studied, several other factors such as lower total nutrient supply by precipitation at DS, different hydrological regimes, differences in vegetation, or decreased duration of the growth season due to increased duration of soil frost in DS, may also contribute to the differences observed. Moreover, we do not know if DS have some endemic special characteristics, resulting in a low abundance of methanogens compared to the other two sites or if it is indeed a latitudinal and geographical effect, e.g mean annual temperature was six times lower than at the other two sites (Table 1) . Furthermore, no relation between vegetation and bacterial community was observed even though the vegetation type in DS differed from the other sites, which displayed larger species richness and diversity (Robroek et al., 2014) .
Water saturated soils are favorable for methane production, as they form anaerobic conditions with low redox conditions suitable for the strictly anaerobic methanogens (Blodau, 2002) . Consequently, we found significantly higher abundance of mcrA genes below the water table level compared to above. The abundance of mcrA transcripts, however, was only significantly larger below WTL in LV. The abundance of the mcrA gene and transcripts between hummocks and lawns varied among sites. In SM there was no difference regardless of sampling below or above the WTL. This might be explained by the fact that in both microhabitats, the peat below the water table is water saturated, and hence edaphic variables may not differ between these microhabitats. Nevertheless, in DS larger abundance of mcrA gene and transcripts was found in the lawns, disregarding the WTL. Interestingly the lawns of this site also had a higher cover of the ericoid Andromeda polifolia (Robroek et al., 2014) , possibly providing easily fermentable substrates. In LV the abundance of mcrA gene and transcripts were larger in the lawns above WTL but larger in hummocks below WTL. The diversity of methanogens derived from the mcrA gene and transcripts showed an even distribution along the hummock-lawn topography and among the microtopographic gradients.
These results indicate that the different methanogen OTUs likely display different degrees of activity. The fact that the methanogen diversity and abundance of active methanogens did not correlate strengthens this argument. This observation provides support for the functional redundancy concept, in which different methanogen OTUs have the same function of producing methane, but with different tolerances to micro environmental conditions. However, Godin et al. (2012) concluded, in their study, that the methanogenic community structure was a predictor of methane production during early fall, but not during spring.
Regarding the methanogen diversity distribution, a study of the methanogen community in a minerogenic oligotrophic fen by analyzing 16S rDNA, concluded that topography affected the community above the WTL (at -10 cm) but not below (at -40 cm) (Galand et al., 2003) . They also found that that the variation was related to both WTL and the vegetation cover. The different outcomes in relation to the influence of the topography on methanogens (Galand et al., 2003) and the present study indicate that the spatial distribution along the site intrinsic topography may differ according to peatland type. The sampling was also different in the two studies since in the 16S rDNA study the below sample was deeper or 40 cm below the WTL, which would make a difference in the stratified peat.
The medians of mcrA gene and transcripts copy numbers found in our three sites were relatively low as compared with previously reported numbers for an ombrotrophic upland blanket peat and a blanket peat bog also using qPCR for the mcrA quantification, but obtained by applying different primers (Freitag and Prosser, 2009; Freitag et al., 2010) . Our study sites also showed relatively lower diversity of the mcrA gene compared to minerotrophic peatlands Juottonen et al., 2005; Merila et al., 2006) . Those studies performed a direct comparison between peatland types and found the ombrotrophic sites to have lower methanogen diversity. The ombrotrophic bogs are acidic and nutrient poor and with lower abundance and different type of vascular plants than minerotrophic peatlands. This gives a good explanation for the lower abundance, activity and diversity of methanogens in our study.
The family Methanoregulaceae was the most common methanogen family and showed the largest relative abundance and active proportion at all the three sites regardless of microtopography. This observation supports a previous study, which showed that
Methanoregulaceae was the dominant family in two acidic peatlands (Sun et al., 2012) . This family also belongs to the 'Fen cluster' originally detected by Galand et al. (2002) , and this type of methanogens have later been detected in several Nordic peatlands (Galand et al., 2003; Juottonen et al., 2005; Putkinen et al., 2009 ). The family belongs to the order Methanomicrobiales, which produces methane by the reduction of carbon dioxide and oxidation of hydrogen (Deppenmeier, 2002; Liu and Whitman, 2008) . The hydrogenotrophy has been shown to be the main pathway of methane production in acidic bogs (Horn et al., 2003; Galand et al., 2005) . This fits with the pH-driven regulation of the two methanogenic pathways observed by Kotsyurbenko et al. (2007) , i.e. a shift from the hydrogenotrophic pathway to the acetoclastic took place at a pH of 4.7 and above. Thus, in our study sites the pH was around 4 (Table 1) where the occurrence of mainly Methanoregulaceae confirms the picture.
CONCLUSIONS
Overall, the methanogenic community seems to differ between different peatland types and in its susceptibility towards different environmental and peat conditions. The methanogenic community diversity, abundance and activity differed considerably among three geographically dispersed sites, yet site intrinsic microhabitats played a minor role. This indicates that the methanogen community composition is mainly affected by geoclimatological conditions. Thus, it is concluded that local small scale environmental changes will not affect the potential methane formation. Nevertheless, our results also 25 (8) 2 (1) 46 (31) 51 (34) 53 (35) a below quantification limit (between 10 -100 gene copies per reaction mixture).
b below detection limit (< 10 gene copies per reaction mixture). 
